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Abstract. Increasing organic matter/carbon contents of soils is one option proposed to off-
set climate change inducing greenhouse gas (GHG) emissions, under the auspices of the
UNFCC Paris Agreement. One of the complementary practices to sequester carbon in soils on
decadal time scales is amending it with biochar, a carbon rich byproduct of biomass gasifica-
tion. In sub-Saharan Africa (SSA), there is a widespread and close interplay of agrarian-based
economies and the use of biomass for fuel, which makes the co-benefits of biochar production
for agriculture and energy supply explicitly different from the rest of the world. To date, the
quantities of residues available from staple crops for biochar production, and their potential
for carbon sequestration in farming systems of SSA have not been comprehensively investi-
gated. We assessed the productivity and usage of biomass waste from maize, sorghum, rice,
millet, and groundnut crops; specifically quantifying straw, shanks, chaff, and shells, based on
measurements from multiple farmer fields and household surveys in eastern Uganda. More-
over, allometric models were tested, using grain productivity, plant height, and density as pre-
dictors. These models enable rapid and low-cost assessment of the potential availability of
feedstocks at various spatial scales: individual cropland, farm enterprise, region, and country.
Ultimately, we modeled the carbon balance in soils of major cropping systems when amended
with biochar from biomass residues, and up-scaled this for basic scenario analysis. This inter-
disciplinary approach showcases that there is significant biophysical potential for soil carbon
sequestration in farming systems of Uganda through amendment of biochar derived from
unused residues of cereals and legume crops. Furthermore, information about these biomass
waste flows is used for estimating the rates of biochar input that could be made to farmlands,
as well as the amounts of energy that could be produced with gasifier appliances.
Key words: biomass pyrolysis; climate change mitigation; low carbon energy; natural resource
management; prospective modeling; scenario analysis; soil carbon; tropical agro-ecosystem.
INTRODUCTION
Biochar by definition is the organic end product of a
pyrolysis process (i.e., thermal decomposition in a low
oxygen atmosphere), which is intended specifically for
soil amendment. Microbial decomposition of biochar is
slow and dependent on the biomass feedstock and pyrol-
ysis temperature; consequently, adding biochar to soil
can lock carbon (C) away for several years to centuries
(Wang et al. 2016). In experiments with maize–soybean
rotations in Kenya, amended with acacia wood char at a
rate of 28 kg C/ha, results suggested that 60% of the
carbon remained in the top 20 cm soil over a decade,
with part of the loss attributable to erosion (Katterer
et al. 2019). Other studies with biochar, made from
various types of residues, have demonstrated similar or
lower rates of carbon retention in soils under intensive
crop production (H€aring et al. 2017, de la Rosa et al.
2018). In another Kenyan study, the input of charcoal
led to a 27% decrease in carbon dioxide (CO2) emissions
from maize croplands that had been converted to
agriculture several decades prior, and was argued to be a
result of enhanced stabilization of plant-derived C
(Kimetu and Lehmann 2010). Generally, it is suggested
that the inherent stability of pyrogenic organic matter
negates its requirement for protection from aggregates
and/or clay minerals to be stable, implying that biochar
can accumulate higher concentrations of C before a
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saturation point is reached, in contrast to manure or
straw (Smith 2016). Moreover, the addition of pyrolyzed
carbon to soil also does not appear to induce significant
microbial immobilization of nitrogen (N) in contrast to
“raw” carbon, which has massive implications for main-
taining crop yields (Hood-Nowotny et al. 2018).
In sub-tropical and tropical agroecosystems, meta-
analysis has shown that biochar addition to soils can
increase crop yields, on average, by 25%, in stark con-
trast to temperate regions where observed responses are
negligible or slightly negative (Jeffery et al. 2017). This
was clearly demonstrated by persistent grain yield
increases of maize–soybean rotations in Kenya over
10 yr, without and with minimal inorganic fertilizer
input to cereal phases, following a single application of
charcoal at the start of the experiment; where mean
yield responses amounted to between 0.9–1.3 and 0.3–
0.8 Mg/ha for the maize and soybean crop, respectively
(Katterer et al. 2019). Responses of grain and residue
yields from crops to soil biochar amendment are gener-
ally found to decrease with increasing rates of input,
and applications as little as 0.5 Mg DM/ha (DM, dry
mass) have shown significant positive effects on crop
productivity (Liu et al. 2013). The observed gains in
crop production likely result from the multiple benefi-
cial impacts of biochar amendment on soil properties,
such as the exchange capacity, aggregation, and hydrau-
lic conductivity (Liang et al. 2006, Blanco-Canqui
2017), as well as the poor nutritional status of farmland
soils that were studied; which is a widespread phe-
nomenon across SSA.
When organic material is pyrolyzed in a gasifier sys-
tem and is carbonized, it releases heat and synthetic
combustible gases, which can contribute to effectively
reducing wood consumption and GHG emissions per
unit energy compared to biomass incineration systems
(Sanford and Burney 2015). The advantage of pyrolysis-
based technologies is that they allow substitution of
wood-based fuels with crop residues of low energy den-
sity, e.g., straw, chaff, husks, shell, or pruning from
crops. Multiple biomass gasification appliances are on
the market for households and businesses, offering
direct energy savings or income generation. As a rule,
the more heat and synthetic gas that is drawn from a
feedstock, the less char remains, and the ratios are
mainly determined by pyrolysis temperatures, airflows,
and feedstock types. Utilization of renewable biomass
from crop residues for gasifier energy appliances in uni-
son with soil biochar C sequestration could readily miti-
gate GHG emissions in farming systems of SSA, while
increasing access to energy for households and busi-
nesses.
Large numbers of farmers in SSA depend on bio-
mass resources for agriculture and energy, which
makes the prospective for biomass gasification systems
and biochar amendment to soils very different as com-
pared to those in fully developed economies, which
have been previously investigated (e.g., Bach et al.
2016, Amundson and Biardeau 2018). The additional
income that could be earned by generating power from
waste biomass, as well as increasing crop yields through
applications of biochar in farming systems of SSA,
could create ample incentives to sequester C in soils for
climate mitigation. How much of GHG emissions could
be offset via biochar inputs to soils is hotly debated, and
relies on the availability of biomass wastes, pyrolytic
conditions, and decomposition rates (Schlesinger and
Amundson 2018). Residues from staple food crops are
an obvious and promising choice for bioenergy and bio-
char production from a sustainability perspective.
Because farmers utilize agricultural wastes for a variety
of purposes, like animal fodder, soil surface cover, and
construction, not all of it is realistically available for bio-
char. Therefore, it is critical that we factor in the alloca-
tion of biomass resources to estimate how much can be
diverted to biochar C sequestration and other benefits
in farming systems.
This study assesses the biophysical potential to seques-
ter C in soils via biochar derived from by-product resi-
dues of maize, sorghum, rice, millet and groundnut
crops in smallholder farming enterprises of eastern
Uganda, separately quantifying straw and non-straw
fractions (i.e., shanks, chaff, and shells). In so doing, a
model-based framework was compiled to determine the
amount of C that could be sequestered in soils through
biochar made from crop biomass wastes under varying
scenarios of competition and decomposition, at both
farmer field as well as national production scale. We also
derive information about the corresponding rates of bio-
char amendment to farmlands and quantities of syn-
thetic gas that can be generated for investigating the
viability of implementing the technology in agricultural
and energy systems of Uganda.
METHODS
Description study area
Research activities took place over an area of approxi-
mately 250 km² in the Lake Kyoga basin situated in east-
ern Uganda; between 0°450 N and 1°050 N, and
33°470 E and 34°050 E (Fig. 1). Altitudes in the study
area range from 910 to 1220 m above sea level and the
climate is sub-humid, with bimodal precipitation of
900–500 mm and mean annual temperature of 32.5°C.
The topography of the landscape is undulating, and pro-
nounced gradients in soil properties are found between
individual farmer fields (Appendix S1: Table S1), which
may lead to substantial variation of attainable crop
yields. Production of cereal and legume crops is the main
economic activity in the study area, generating approxi-
mately 3% of all maize, millet, sorghum, rice, and
groundnut in the country (Fig. 1). Agro-ecological con-
ditions, rates of crop productivity and typologies of
farming systems in the study area are representative for
other mid-altitude highland regions in the country.
Article e01984; page 2 DRIES ROOBROECK ET AL.
Ecological Applications
Vol. 0, No. 0
Characterization of cropping systems and residue
allocation
Farmer associations operating within the study area
were contacted at the start of the research project, and
they delegated 27 female and 33 male members to attend
a 1-d workshop. Discussions with six member focus
groups and individual surveys of all 60 farmers were held
to identify the major staple crops being grown (Table 1),
and select the five crops that were studied. The focus
group discussions also led to distinguishing four major
classes of biomass usage; fodder, construction, mulching
(i.e., soil cover or incorporation), and cooking fuel. Indi-
vidual surveys were taken during home visits and
included semi-structured questions about (1) household
composition, education, and sources of income; (2) total
area of land and livestock owned by the household; (3)
crops cultivated and fertilizer investments over the past
three years; and (4) whether or not they allocate individ-
ual crop residues to the four major usages. Information
provided by farmers was verified by research staff at the
homestead after completing surveys. The proportion of
respondents that did not indicate using a residue for ani-
mal fodder, soil surface cover, or construction was fac-
tored in to determine the mean availability of feedstock
for biochar at current. Usage of crop residues as cooking
fuel was not considered to compete with biochar produc-
tion since gasifier systems fulfill both purposes. Farmers
who did not indicate any of the predetermined residue
uses, confirmed that they burned or dumped the residues
instead. In parallel to the diverse usage census, we
included two notional scenarios of competitive usages,
i.e., low, 20% of straw and non-straw diverted; and high,













FIG. 1. Map of Uganda showing the total grain production levels of maize, sorghum, rice, millet, and groundnut for individual
districts, and the location of our study area.
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Sampling of crops
Crop height, stand density, and yield components
were measured from 12 farmer fields distributed across
the study area to represent the range of soil properties
and input management. This sampling was carried out
when crops had reached full maturity, taking place from
May to July 2016 and 2017. In the first season, sampling
was incomplete because part of farmers harvested pre-
maturely due to severe drought (Appendix S1: Table S1).
Measurements for groundnut, millet, and rice crops were
taken from four quadrats of 1 m2 for each farmer field,
while, for maize and sorghum, two quadrats of 4 m2
were assessed per field. Within each quadrat, the plant
density (PD) was determined, and the height (H) mea-
sured for four plants for maize and sorghum, and six
plants for millet, rice, and groundnuts. Measurements of
plant height were taken from the soil surface up to the
base of the tassel for maize, the base of the panicle for
millet, sorghum, and rice, and the last terminal leaf for
groundnut. The total fresh mass of straw and panicles or
pods of rice, millet, and groundnut were determined for
each quadrat, and representative subsamples taken for
assessing water content. For maize and sorghum crops,
biomass samples were collected from four plants in each
quadrat, and the fresh mass of its straw and cobs or pan-
icles was measured. All biomass samples were oven-dried
at 60°C until reaching steady dry mass (DM). Subse-
quently, the grain of crops was separated from shanks,
chaff (i.e., husks and panicle axis) or pods, and the dry
mass of individual fractions was measured. The produc-
tivity of grain and residues from rice, millet, and ground-
nut was computed for individual quadrats in farmer
fields by multiplying the total fresh mass with the ratio
of the dry to fresh mass of the subsample. The produc-
tivity of maize and sorghum, on the other hand, was cal-
culated by multiplying the average mass of one plant
from the subsample with the plant count.
Allometric modelling of crop residue yield
Relationships of the total productivity of straw and
non-straw biomass with grain yields of crops, as well as
plant height and density (Appendix S1: Table S2), were
modeled based on linear mixed effect regressions. Data
from individual sampling quadrats were used in develop-
ing and testing these prospective quantification models,
with the random intercepts of models consisting of speci-
fic farmer fields. Sets of data were split into two parts by
randomly dividing farmer fields, using one half for gener-
ating the models and the other to predict total productiv-
ity of crop residues. Measured and predicted residue yields
from crops were plotted against each other for cross-vali-
dating the reliability of allometric models. Residual nor-
mal distribution and homoscedasticity of mixed effect
models were ascertained by plotting residuals against
quantiles and fitted values. The total production of straw
and non-straw residues produced by the five studied crops
for the whole of Uganda have been calculated using the
allometric models based on grain yield drawn from
national statistics from 2016 predictions (FAOSTAT
2018). Minimum and maximum values of total residue
production were derived from the cross-validated models.
Conversion of biomass to biochar and fixed carbon
Information about the mass conversion of crop residues
to biochar and the proportion of fixed carbon in biochar
from different types of pyrolysis systems was retrieved
from publications of Thomson index journals
(Appendix S1: Table S3). These calculations were stan-
dardized among crop residues by using the conversion
rates and fixed carbon contents recorded at a temperature
of 500°C, which falls within the optimal range of pyrolysis
conditions. If there were multiple reports of conversion
factors for a particular crop residue in literature, we calcu-
lated and applied a mean of those values. There was a
paucity of peer-reviewed information for chaff from sor-
ghum, and instead, the biochar yield and fixed carbon of
its straw was used, whereas conversion factors for chaff
and straw of millet were substituted by those from rice.
Biochar yields were computed by multiplying the amounts
of available crop residues with the proportional mass con-
version of biomass to biochar. And, these were further
multiplied with the percentage fixed carbon in biochars to
calculate the amount of C that is being generated.
Biochar C sequestration in soil
The accumulation of C in croplands, achieved through
annual biochar inputs from residues of major cropping
systems over a period of 50 yr, was simulated by a
kinetic model including a labile and stable pool with
constant rates of mineralization (Foereid et al. 2011).
The amount of biochar C that can be locked in soils
under a particular scenario is described by the following
equation:
















Note: Percentages are based on the census of 60 individuals.
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iBCtf þ labBCtð Þ ek1
þ ðiBCt 1 fð Þ þ recBCtÞek2
where BCS is the amount of biochar carbon in soil at
time t (Mg C/ha), iBC is the input of biochar carbon at
time t (Mg Cha1yr1), f is the ratio of labile C in bio-
char, labBC and recBC are the labile and recalcitrant
pool of biochar C in the soil at time t (Mg C/ha), k1 is
the fraction of the labile carbon pool that is mineralized
(per year), and k2 is the fraction of stable carbon pool
that is mineralized (per year). Orthogonal crosses with
maximum and minimum values of each factor were con-
structed, based on information outlined in this paper, to
demonstrate the limits and variance in the potential for
locking away C in soils through biochar. The labile car-
bon fraction of biochar was, respectively, taken as 3–8%,
and with a decomposition rate of 90% per year, whereas
loss of C from the stable pool was taken as 2–6% per
year. Annual inputs of biochar from crop residues, as
well as the labile to stable ratio and decomposition rates,
under each of the scenarios were kept constant over
time, which possibly leads to conservative estimates. This
C balance model does not explicitly account for erosive
loss of biochar from soils and hence may overestimate
the amounts of C retained at a specific farmer fields.
Notwithstanding, the upper limit of coefficient k2 that
was used in simulations has been derived from an experi-
ment where lateral transport contributed to the disap-
pearance of biochar (Katterer et al. 2019).
RESULTS AND DISCUSSION
Yields and usages of crop residues in farming systems of
eastern Uganda
The five studied crops are an intrinsic part of bi-
modal cropping systems in mid-altitude regions of
Uganda, and of major importance to food production.
Grain yields of the crops are generally one-half or less of
reported attainable yields (Fig. 2), which is typical for
agroecosystems in SSA, owing to limited access to agri-
cultural inputs and low soil fertility (Sanchez 2010).
Straw total biomass yields for maize and sorghum were
significantly higher than those of other crops by 0.84–
2.47 Mg DM/ha, on average. Rice and millet generated a
significant larger amount of straw compared to
groundnut, with mean yields amounting to 1.10–1.35
Mg DM/ha more. The quantity of shanks from the
maize cobs and chaff from sorghum panicles, in turn,
was significantly higher than the yield of non-straw resi-
dues from the other crops by 0.32–0.90 Mg DM/ha, on
average. Mean productivity of shells by groundnut was
significantly higher compared to the quantity of chaff
generated by rice and millet, respectively, yielding 0.31–
0.35 Mg DM/ha more. Mean straw yields of the five
crops in each of the farmer fields and growing seasons
varied by 18–28%, whereas the productivity of non-
straw residues had a relative standard deviation of 25–
38%. These findings demonstrate there can be substan-
tial differences in the total productivity of the staple
crop biomass waste at the level of individual farm enter-
prises, and therefore differences in their availability for
biochar and potential C sequestration.
The proportion of farmers that reported using straw
residues for animal fodder, building material, and mulch-
ing ranged from 61% for maize crops to 8% for ground-
nut crops, while amounting to 12% for rice husks, 5% for
groundnut shells, and zero for maize shanks and sorghum
and millet chaff (Table 2). Among the interviewed, 92–
98% said their household relied on straw and shanks of
maize as fuel for cooking energy using conventional
incineration-based stoves, and 10% indicated using sor-
ghum straw or groundnut shells as fuel. Based on these
measured usages, straw and chaff from sorghum, on aver-
age, provided the largest amount of available biomass
among the studied crops, between 1.1–1.8 Mg DM/ha
more than residues from maize, rice, and millet (Fig. 2).
In its turn, the amount of available maize straw and
shanks was significantly greater than that of residues
from rice and millet. The availability of residues from
groundnut for biochar was the lowest of all crops, this
because straw biomass (with C:N ratio <20) does not
make an appropriate feedstock for pyrolysis feedstock as
it is better directly incorporated into soils or composted.
These findings indicate that substantial amounts of bio-
mass wastes from staple foods are left unused in the stud-
ied farming systems and, thus, potentially available for
biochar. The apparently low usage of residues is a conse-
quence of the low number of small livestock owned by
farmers (Appendix S1: Table S4); this is illustrated by the
mounds of rice husks piling around the mills, which could
theoretically be fed to poultry or swine. Admittedly, the
limited usage of residues for mulching soils in the studied
farming systems is ascribed to the low adoption rates of
conservation agriculture in Africa (Corbeels et al. 2014).
Many farmers in Uganda, and SSA, still incinerate crop
residues in the field, easing land cultivation and utilizing
the ashes as fertilizer or liming agent. Pyrolyzing biomass
wastes from staple crops using gasifier energy appliances
that generate biochar can offer a more profitable
alternative over incineration for farmers in Level 1 and 2
economies.
Forecasting of crop residue yields
Cross-validation of residue yield predictions based on
grain yields demonstrated moderate to good agreement
with measured values for each crop across large yield
ranges despite the relatively small sample size (Fig. 3).
The mean errors on quantifying straw yields based on
that of grain amounted to 0.53–0.79 Mg DM/ha for the
five crops. For sorghum and rice, the models tend to
overestimate measured values at low levels of straw pro-
ductivity, but otherwise, errors were evenly distributed
in this study. Mean errors on non-straw yields
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FIG. 2. Biomass productivity and flows of residues for staple crops measured in farming systems of eastern Uganda. On the left
of each Sankey diagram is yields of straw and non-straw fractions, and on the right is the allocation of biomass from crops and
availability for biochar determined through the household census. The slices in bar chart reflect the proportion of residues going to
a particular usage. At the bottom of each graph are the potential rates of biochar and C amendment to soils that were quantified
based on mean conversion factors from peer-reviewed literature. Values are means and standard deviations from sampling quadrats.
DM, dry mass.




biochar† (biomass %)AF CN MI CF
Maize
Straw 38 3 20 92 39
Shank 0 0 0 98 100
Sorghum
Straw 13 27 0 10 60
Chaff 0 0 0 0 100
Rice
Straw 13 30 5 0 52
Husk 12 0 0 0 88
Millet
Straw 5 30 8 0 57
Chaff 0 0 0 0 100
Groundnut
Straw 5 0 3 0 0
Shell 0 0 5 10 95
Notes: Percentages are based on the census of 60 individuals. AF, animal fodder; CF, cooking fuel; CN, construction; MI,
mulching or incorporation.
† Difference with sum of AF, CN, and MI.
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quantified based on grain productivity amounted to
0.08–0.23 Mg DM/ha for the five crops. For millet
chaff, the model tends to underestimate measured val-
ues at high levels of productivity, but otherwise, errors
were again evenly distributed in this study. These results
demonstrate that the amounts of individual residues
produced by the five crops can be reliably forecasted
through linear mixed-effect modeling of economic grain
yields. Moreover, errors on the prospective quantifica-
tion of crop biomass wastes stand to be reduced if lar-
ger sample sizes are taken than in this study.
Applications of our residue forecasting models based on
food production data notably extend from quadrat sam-
pling to farmer fields, as well as upscaling of national
agricultural statistics.
Cross-validation of residue yield predictions according
to the density and height of crop stands exhibited poor
agreement with actual values for all investigated
(Appendix S1: Fig. S1), with mean errors being up to 2.4
times greater than for models based on grain yields.
Deviances of residuals for prospective quantification of
straw productivity using plant height and density
amounted to 0.67–1.31 Mg DM/ha for all investigated
crops, whereas errors on non-straw yields measured 0.12–
0.36 Mg DM/ha. For sorghum straw, and all residue frac-
tions of rice and millet, these allometric models gravely
under- or overestimated actual values, whereas errors on
quantifying other crop residues were evenly distributed
across the sampled productivity ranges. The poor good-
ness of fit achieved by this approach can be ascribed to
interactive effects of genetic, agricultural, and environ-
mental factors on relationships between plant density and
crop growth (Friedman 2016). Forecasting crop residue
yields through this approach may be improved by taking
larger sample sizes and including more covariates in the
models that influence relationships.
Potential C sequestration in soils with crop residue
biochar
Accumulation of biochar C in soils, simulated based on
average yields of crop residues measured in farmer fields,
exhibited notable differences between the investigated
cropping systems and degrees of competitive resource
FIG. 3. Models for prospective quantification of crop biomass yields using grain productivity records. Each plot is showing the
goodness of fit between measured and predicted productivity of crop residues. Different symbols display the two subsets of data
used for either model development or validation. RSE, residual standard error.
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usage (Fig. 4). Apparent rates of C build-up in farmlands
are exponentially diminishing because mineralization
coefficients for biochar amendments made over time have
been kept constant in this study. Recycling of crop resi-
dues as biochar for 50 yr, sequestered an average of 6–27
Mg C/ha in the various cropping systems and scenarios
of competitive usage, with a deviation of 4–20 Mg C/ha
between simulations with low and high biochar decompo-
sition factors. Based on the allocation of residues mea-
sured by the census, maize–groundnut and sorghum–
groundnut rotations and rice paddies could sustain bio-
char C sequestration rates in soils of 0.60–0.97
Mgha1yr1 for 3–23 yr. Residues from millet–ground-
nut rotations, under the measured availability for biochar,
could increase soil C stocks by 0.50–0.60 Mgha1yr1
for 3–8 yr. When competitive usage of crop residues is
high, i.e., 80% for straw and 50% for non-straw biomass,
the potential rates of biochar C sequestration in each of
the four cropping systems are between 0.20 and 0.43
Mgha1yr1 for a period of 2–25 yr. If competitive
usage of biomass wastes is low, i.e., 20% for straw and
non-straw residues, then maize–groundnut and sorghum–
groundnut rotations and rice paddies could sustain bio-
char C sequestration rates of 0.6–1.15 Mgha1yr1 for a
period of 8–31 yr. Biochar derived from residues of
millet–groundnut rotations could increase soil C stocks
by 0.50–0.67 Mgha1yr1 for 4–14 yr when resource
competition is low. These particular findings illustrate
that recycling staple crop residues as biochar in eastern
Uganda could substantially contribute to sequestering C
in soils, and may even exceed the ambitious target set by
the “4 per mille” strategy (Minasny et al. 2017).
National-scale production of straw and non-straw
residues by the five crops in Uganda, forecasted based
on economic grain yield statistics, could generate a total
of 0.8–1.0 Tg biochar C annually, under levels of com-
petitive usages measured by the census (Table 3). If there
is high competitive usage of residues, then ~0.3 Tg bio-
char C could be produced countrywide each year,
whereas 1.1–1.3 Tg biochar C could be produced if allo-
cation of biomass to fodder, construction, and mulching
is low. The total amount of C that could potentially be
added to Ugandan soils through biochar from the five
crops investigated is, respectively, equal to 0.5–2% of the
global per capita footprint of fossil fuel and cement
GHG emissions recorded in 2014, or 19–77% of the
actual carbon footprint in Uganda (World Bank 2018).
At global scale, it is estimated that approximately 2% of
anthropogenic GHG emissions could be abated through
biochar C sequestration in soils under maximum realis-
tic scenarios (Griscom et al. 2017). The mitigation
potential of biochar from unused residues of maize, sor-
ghum, rice, millet and groundnut in Uganda alone, is
remarkably close to this value demonstrating the poten-
tial of this simple climate solution. Widespread cultiva-
tion of the five investigated crops as staple food and
bimodal cropping seasons in the country are making it
possible to achieve such high rates of soil C sequestra-
tion with their biomass residues. Our assessment conse-
quently indicates that circular production and soil
amendment of biochar derived from unused crop resi-
dues and general biomass wastes may represent an effec-
tive strategy for offsetting GHG emissions in Uganda.
Co-benefits for agriculture and energy
Average measured biomass yields from rotations of
maize, sorghum or millet with groundnut lead to poten-
tial soil biochar amendments of 0.74–2.1 Mg
DMha1yr1, and 0.80–2.7 Mg DMha1yr1 for rice
paddies, under the various competitive use scenarios.
Comparable application rates have been shown to result
in immediate gains in crop productivity since input of
biochar generally exhibits high efficacy at low rates (Liu
et al. 2013). Moreover, long-lasting increases of crop
yields that are demonstrated in tropical agroecosystems
permit the gradual building up of stocks in soils when
availability of residues is low, as is the case for majority of
farmers in SSA. The national-scale production of bio-
mass wastes from the five crops in Uganda forecasted
based on grain yield statistics illustrates this is a viable
transformation pathway leading to soil biochar applica-
tion and fulfills the remit of sustainable agricultural
FIG. 4. Simulated C sequestration in soils of major cropping
systems that receive “circular” amendment of biochar from resi-
dues. Envelope curves illustrate different scenarios of competitive
usage for crop residues; i.e., low, 20% of straw and non-straw
diverted; measured, allocation indicated by census; and high, 80%
of straw and 50% of non-straw diverted. The boundaries of poly-
gons are set by decomposition factors of biochar in peer-reviewed
literature, i.e., upper, f = 3%, k2 = 2% per year; lower, f = 8%, k2 =
6% per year (f is the ratio of labile C in biochar and k2 is the frac-
tion of the stable carbon pool that is mineralized every year).
Diagonal lines show a constant increase in soil C stocks of 0.6
Mgha1yr1, the “4 per mille” target.
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intensification. Increasing the productivity of crops
through soil biochar amendment would make more bio-
mass resources available to farmers further improving the
fertility of croplands and sequestering C. However, rec-
ommendations about effective biochar dosages and co-
application of inputs under heterogeneous conditions in
Uganda need to be developed further for optimization.
In addition to generating biochar, the gasification of
residues from crops also produces synthesized com-
bustible gasses and heat that can power various energy
appliances of rural households and enterprises. Based on
average biomass availability in the study area under low
to high competitive usage, and gross calorific values of
residues from literature ranging between 12.6 and
17.7 MJ/kg, we calculate that the potential energy yield
from croplands under rotation of maize, sorghum or
millet with groundnut and mono-crop rice is amounting
to 10–51 GJha1yr1, at a modest conversion efficiency
of 50%. Recent surveys in rural households of East
Africa suggest mean annual rates of firewood consump-
tion of 440–640 kg per capita (Jung and Huxham 2018,
Stoppok et al. 2018). Assuming a gross calorific value of
18.5 MJ/kg for wood biomass, our assessment shows
that 0.2–1.2 ha of land is needed to acquire sufficient
residues from the one of the four investigated cropping
systems to substitute the firewood requirement of one
person. At a national scale, the potential energy yield
from residues of maize, sorghum, rice, millet and
groundnut crops under the scenarios of low to high com-
petitive usage, amounts to 12–49 PJ/yr, going by the
above gross calorific values and again 50% conversion
efficiency. Based on a gross energy balance, this means
that available biomass wastes in Uganda from just the
five investigated crops could replace wood fuels con-
sumed by 1.0–6.3 million people in rural communities.
This novel assessment reveals that substantial contri-
butions to mitigating GHG emissions can be made by
sequestering C through soil biochar amendments from
residues in cereal–legume food systems of eastern
Uganda, and elsewhere in the country, despite biomass
usage for other purposes. Findings from our study also
demonstrate major benefits for agricultural and energy
production by diverting available biomass wastes from
the investigated staple crops to gasification appliances.
The framework we developed for prospective quantifica-
tion of residue availabilities based their relationships
with grain yield and census of competitive usage can be
applied elsewhere, if robustly validated and could under-
pin carbon economy based development specifically in
Level 1 economic areas, characterized by high levels of
subsistence farming and biomass fuel use. With the help
of these tools, it is possible to make a rapid assessment
of the biophysical potential of crop residues for amend-
ing biochar to soils and generating energy at the level of
individual farmer fields up to national scale.
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TABLE 3. Total annual residue production from the five studied crops in Uganda forecasted using models based on grain yields.
Crop
Production (Gg DM)
Amount of biochar C (Gg DM)
competitive residue usage
Grain† Straw Shank, Chaff, or Shell Low Measured High
Maize 2,663
Minimum 3,990 1,652 928 678 232
Maximum 4,542 1,853 1,051 765 263
Sorghum 315
Minimum 431 116 82.5 70.7 20.6
Maximum 539 155 105 90.3 26.2
Rice 247
Minimum 302 99.2 51.5 41.0 12.9
Maximum 355 104 58.4 45.9 14.6
Millet 234
Minimum 335 56.1 48.0 39.3 12.0
Maximum 417 56.4 57.5 46.1 14.4
Groundnut 85
Minimum 121 54.4 10.2 12.7 2.5
Maximum 149 68.3 12.8 15.9 3.2
Total 3,544
Minimum 5,179 1,978 1,120 841 280
Maximum 6,002 2,237 1,284 963 321
Note: The minimum and maximum production of residues straw, shank, chaff, shell) by crops are determined through cross-vali-
dation of models. Amounts of C in crop residue derived biochar that can be generated nationwide are calculated for different sce-
narios of competitive usages, i.e., low, 20% of straw and non-straw diverted; measured, allocation indicated by census; and high,
80% of straw and 50% of non-straw diverted. DM, dry mass.
† Data for 2016 retrieved from http://www.fao.org/faostat
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DATA AVAILABILITY
Data of crop biomass yield measurements carried out by this study are available in tabular text files via CKAN repositories as
follows: maize, https://doi.org/10.25502/z5dp-be17/d; sorghum, https://doi.org/10.25502/fbgw-1m42/d; rice, https://doi.org/10.
25502/cne2-h823/d; millet, https://doi.org/10.25502/edk6-ac73/d; and groundnut, https://doi.org/10.25502/eerp-3f45/d. Each has the
R scripts that were used for cross-validating linear mixed models to predict residue yields based on grain productivity, and plant
density, and height.
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